Exposure of the lung epithelium to reactive oxygen species without adequate antioxidant defenses leads to airway inflammation, and may contribute to lung injury.
INTRODUCTION
Patients with respiratory failure, including preterm infants and adult patients with acute respiratory distress syndrome, are routinely supported with positive pressure ventilation and supplemental oxygen. Unfortunately, while life sustaining, these supportive therapies can be injurious to the lung. Hyperoxia has been shown to injure both the respiratory epithelium and the microvascular endothelium, but the specific mechanisms are still not clearly understood. In general, studies have indicated that the formation of reactive oxygen species generated as a result of the high concentrations of inspired oxygen can overwhelm the lung's antioxidant defenses (1) . These events can result in apoptosis of alveolar epithelial cells, recruitment of inflammatory cells, and deteriorating lung mechanics dominated by increased fluid filtration (2) (3) (4) (5) .
The lung epithelium acts as the first line of defense against hyperoxia-induced lung injury, secreting surfactants and antioxidant enzymes into the alveolar space. Type II cells comprise a relatively small fraction of the lung epithelium, but have been shown to proliferate and differentiate into type I cells in response to oxidant stress to effectively remodel the damaged epithelium (6, 7) . Increased antioxidant enzyme activity has been observed in type II cells in response to hyperoxia (8) .
Glutathione (γ-glutamylcysteinyl glycine, GSH) is a thiol-containing tripeptide essential to lung antioxidant defenses, with GSH levels in the lung alveolar space 140-fold higher than plasma levels (9) . Hydrogen peroxide and other hydroperoxides are reduced by the concurrent oxidation of GSH to glutathione disulfide (GSSG) as a result of the enzyme activities of glutathione peroxidases (GPx). GSSG can then be reduced back to GSH by the activity of glutathione reductase (GR), be exported out of the cell in which it is formed, or react with intracellular protein thiols to form mixed protein disulfides. Formation of mixed protein disulfides and alterations in the relative ratio of GSH/GSSG have been correlated with oxidant stress and lung injury (10) . Mitochondria, in particular, are sensitive to disruptions in glutathione status because they are unable to synthesize GSH and therefore require either active import of GSH from the cytoplasm or the reducing capacity of GR to maintain appropriate levels of reduced GSH (11) .
In human populations, GR insufficiencies due to genetic polymorphisms, inhibition with the chemotherapy drug 1,3-bis(chloroethyl)-1-nitrosourea (BCNU), or riboflavin deficiency have been associated with hemolytic anemia and reduced total glutathione content in red blood cells (12) (13) (14) (15) . BCNU increases toxicity in mice in response to hyperoxia (16) and in lung epithelial cells in response to zinc toxicity (17) .
In GR knockout mice, increased lung injury in hyperoxia was observed but only after thioredoxin reductase was also inhibited pharmacologically (18, 19) . Drosophila expressing transgenic GR had reduced GSSG levels and improved longevity with exposure to 100% oxygen (20) . Targeted over-expression of GR to the mitochondria in lung epithelial cells in vitro was also protective against t-butyl hydroperoxide and hyperoxia (21, 22) .
Based on the evidence that GR expression targeted to mitochondria is protective against oxidant injury in vitro, we tested the hypothesis that targeting GR expression to mitochondria in alveolar epithelial type II cells in vivo would have a protective effect against hyperoxic lung injury in mice.
METHODS
Mice: FVB zygotes were microinjected with a construct consisting of the 3.9 kb mouse SPC promoter followed by an intronic sequence (KCR, 0.64 kb), the human GR (hGR) cDNA containing the 5' endogenous human mitochondrial targeting sequence (MTS-hGR, 1.5 kb), and the human growth hormone poly-A tail (hGRpa, 0.3 kb) ( Figure   1A ). Founders were screened after isolation of DNA using PCR primers directed to the hGR gene, and founder lines were confirmed by RNA and protein expression in F1
offspring. All studies were conducted after approval of the protocol from The Research Institute at Nationwide Children's Hospital's Institutional Animal Care and Use
Committee.
Hyperoxia exposure: Cages of 6-week old mice were placed in Plexiglas chambers with a flow of 100% oxygen at 10 L/minute for 84 h. The length of hyperoxia exposure was established during an initial time-course experiment, and 84h was chosen as the time at which the animals exhibited symptoms of lung injury but at which no mortality was observed. Soda lime was placed in the chambers to absorb excess CO 2 .
Oxygen levels were monitored daily to document that the concentration remained above 95% throughout the exposure, and mice were observed at least twice daily for signs of undue distress (extreme lethargy and respiratory distress). Age-matched controls were exposed to room air (RA) for the same time period. Prior to starting the exposures and after 84 h of exposure body weights were recorded. Mice were sacrificed by i.p. injection of 200 mg/kg of sodium pentobarbital followed by exsanguination. Right lungs were ligated, removed, weighed, and immediately snap-frozen in liquid nitrogen-cooled aluminum tongs, followed by storage in liquid nitrogen and long-term storage at -80 o C.
To collect bronchoalveolar lavage fluid samples, tracheas were cannulated with PE-50 Protein quantitation: Protein content in tissue homogenates and lavage fluids in which >70% instilled was recovered were analyzed using the Bio-Rad protein assay (BioRad, Hercules, CA). Tissues were homogenized with a Dounce homogenizer in a 10% solution in KPO 4 •EDTA, incubated with 0.1% Triton-X to lyse cells, and centrifuged.
Pellets were discarded and 25 µL diluted homogenate or lavage was mixed with 200 µL 1:5 diluted dye. Absorbance was read at 600 nm and sample readings were compared with a standard curve of known quantities of bovine serum albumin. Subcellular fractionation: Mitochondria, cytosol, and nuclei were separated from fresh lungs by differential centrifugation as previously described (23) .
Biochemical assays GSH and GSSG concentrations were determined in tissue homogenates using previously published enzyme recycling methods (23) . GR activities were measured as described (24) Statistics: All experiments were repeated at least twice, with n ≥ 6 per treatment group for statistical analysis. Subcellular fractionation studies were performed twice with total n = 6 per treatment group. Right lung/body weight ratios, lavage protein concentrations, lung GSH and GSSG concentrations, and GSH/GSSG ratios were analyzed by two-way ANOVA followed by modified t-tests post-hoc. Wholehomogenate GR activities were analyzed by two separate one-way ANOVAs, fixing either by transgenic line or treatment, with Student-Neumann-Keuls post-hoc testing. For the subcellular fraction GR activity data, separate one-way ANOVA tests were performed for each fraction, followed by Student-Neumann-Keuls. Data were log-transformed when variances were unequal. P< 0.05 was chosen to indicate statistical significance.
RESULTS
Two founders were identified by genomic PCR, and mRNA and protein expressions were confirmed in the F1 generation by RT-PCR and western blotting ( As would be typical with the higher right lung/body weight ratios and lavage protein concentrations observed in Line 2 mice, morphology after 84h hyperoxia exposure indicated greater pleural edema and neutrophil accumulation in Lines 1 and 2 compared to wild-type, with the greatest level of lung injury visually in Line 2 (Fig. 2B) .
GR activities were measured in right lung homogenates using enzyme recycling methods (Table 1) . Wild-type and Line 1 mice had higher tissue GR activities than Line 2 mice in RA. To test whether the differences were because of riboflavin-limitation in the tissue homogenates, riboflavin (FADH) was added to the assay medium as described in the methods. After addition of FADH, GR activities were highest in Line 2 mice, with GR in Line 1 mice also being higher than in wild-type mice. No differences were observed in lungs from hyperoxia-exposed mice, but after FADH addition GR activities were again highest in Line 2 mice, and GR activities in Line 1 mice were also higher than in wild-type mice.
The specificity of transgenic GR mitochondrial targeting was characterized by measuring GR activities in sub-cellular fractions isolated from fresh lung tissues (Fig. 3) .
Mitochondrial lung GR activities were highest in Line 2 mice, although Line 1 mice also exhibited higher GR activities than wild-type mice (WT: 7.527 ± 0. Fig. 4A ), but when exposed to hyperoxia Line 2 mice had lower GSH levels than wild-type mice (WT: 1.52 ± 0.12, Line 1: 1.14 ± 0.22, Line 2: 0.806 ± 0.11 µmol/g tissue, Fig. 4A ). By two-way ANOVA there was an effect of transgene and hyperoxia exposure on lung GSSG levels.
In RA, GSSG levels were lower in both transgenic lines than in wild-type mice (WT:
18.52 ± 3.38, Line 1: 4.86 ± 2.07, and Line 2: 3.83 ±1.41 nmol/g tissue), and both transgenic lines exposed to hyperoxia also had lower lung GSSG concentrations than wild-type mice (WT: 19.56 ± 2.30, Line 1: 9.26 ± 2.35, Line 2: 8.37 ± 1.34 nmol/g tissue, Fig. 4B ). An effect of transgene, no effect of hyperoxia, and an interaction were noted when GSH/GSSG ratios from whole lung homogenates were analyzed by two-way ANOVA (Fig. 4C) 
DISCUSSION
Oxygen toxicity is frequently a complication of supportive care for infants and patients with respiratory failure, and this complication is independent of the cause of respiratory failure. Oxygen toxicity in studies of adult animals is characterized by a period in which overt lung injury is not apparent, followed by an inflammatory phase involving neutrophil recruitment, and finally by acute deterioration in lung function secondary to the development of pulmonary edema (25, 26) . In hyperoxia-exposed mice, pulmonary edema is manifested by increases in lung weights and bronchoalveolar lavage (BAL) protein concentrations (27) . In the present study, the increases in lung weights and BAL protein concentrations, and observed increases in pleural edema and neutrophil infiltration in the mice expressing the highest activities of GR in the lung suggest that increasing GR to the extent observed in these animals hastens the development of hyperoxic lung injury.
While the biological role for lung inflammation in the development of lung injury in models of adult murine hyperoxia are somewhat controversial, neutrophil accumulation is routinely observed in the later phases of lung injury. The earlier neutrophil accumulation in the transgenic mice is entirely consistent with a greater susceptibility to hyperoxic lung injury, and the accumulation may be causally related to both increased lung weights and lavage protein concentrations. While we cannot exclude the possibility that increasing GR activity in the lung causes a more pronounced lung injury in hyperoxia via an entirely different mechanism than is observed in wild-type animals, the fact that the characteristics of lung injury and histology are consistent with classic hyperoxic lung injury makes this possibility unlikely.
The exact mechanism(s) for the development of hyperoxic lung injury have not been elucidated, but there is extensive evidence for a direct effect of oxygen (26, 28) .
Investigators have observed increased production of oxidants in the mitochondria of rodents exposed to hyperoxia (29-31) and a protective role for antioxidants targeted to the mitochondria of mice (32) . We targeted transgenic GR expression to lung mitochondria utilizing the endogenous GR mitochondrial leader sequence, and targeting success was indicated by increased GR activities in lung mitochondrial fractions (Fig. 3) . The increases in whole-homogenate GR activities seemed to be primarily due to the increases in the mitochondria, although there was a slight but statistically significant increase in the cytosolic fraction GR activities in our transgenic lines. Whether this is the case in situ cannot be ascertained, but the increase is most likely related to leakage of GR into the cytosolic fraction during the isolation procedure. The increases in the nuclear GR activities are less likely the result of the isolation procedure and suggest that the cDNA we used may have also contained a nuclear targeting signal.
The fact that the transgenic animals were not protected from hyperoxic lung injury was in contrast to overexpression of GR in vitro. In experiments using transformed Clara cell-like lung epithelial cells (H441) transfected with a similar mitochondrial-targeted cDNA, increased GR activities and protection against hyperoxia and tert-butyl hydroperoxide were observed (21, 22) .
GR reduces glutathione disulfide to glutathione using the reducing equivalents of NADPH and requires riboflavin (FADH) as a cofactor. In our transgenic mice, higher levels of lung GR activities were not uniformly detected unless exogenous FADH was added to the lung homogenate preparations (Table 1) . We doubt that FADH is rate limiting in the lungs in vivo as low GSSG contents in the lungs of transgenic mice most likely represent increased GR activity, and exogenous FADH was not necessary for measurements of GR in subcellular fractions. The fact that exogenous FADH was necessary for GR activity measurements in whole homogenates but not in subcellular fractions is not easily explained. Although we cannot exclude the possibility that the transgenic mice may be FADH deficient and unable to express the full transgene potential, addressing this possibility would require further studies into the effects of dietary riboflavin supplementation and are beyond the scope of the present studies. It is also possible that mice with increased GR have rate-limited quantities of NADPH, as this molecule is added to the assay to measure GR activity; however, low GSSG contents in the lung would be unlikely if NADPH contents were not ample as a substrate for GR.
The observation that lungs of Line 2 mice in hyperoxia had lower GSH levels than wild-type mice was unexpected, but is likely due to the increase in lung weights when they accumulate lung water (Fig. 4A) . When GSH was expressed as µmol/whole right lung, GSH concentrations in hyperoxia were not statistically different (data not shown). Alternatively, GSH levels could be lower because GSH was consumed in hyperoxia. This is unlikely as consumption should have been associated with an increased GSSG level, which was not observed.
The greater susceptibility of transgenic mice expressing mitochondrial-targeted, lung specific GR was not anticipated, and a non-specific effect of gene integration cannot be excluded. However, this possibility is extremely unlikely in that a GR transgene expression dose response was observed during the development of hyperoxic lung injury.
Line 2 mice with the highest GR activities had higher right lung/body weight ratios than wild-type mice at 84h hyperoxia exposure, and Line 1 mice with intermediate levels of GR activity had intermediate right lung/body weight ratios not different than either wildtype or Line 2 mice (Fig. 2A) .
In contrast to the increased susceptibility to hyperoxic lung injury observed in the mice expressing GR targeted to the alveolar epithelium, similarly targeted transgenic expressions of manganese superoxide-dismutase (MnSOD) and EC-SOD have been
shown to be protective (32) (33) (34) . These apparent discrepancies may provide important clues as to the mechanisms involved in hyperoxic lung injury. Hyperoxia exposure increases superoxide production, which can be reduced to hydrogen peroxide by the activity of SOD. Furthermore, mice over-expressing GPx are less susceptible to other forms of oxidant injury (35, 36) . Taken together these findings may indicate a pivotal role for peroxide-reducing mechanisms. However, GPx knockout mice are not more susceptible to hyperoxia (37) , and likewise catalase knockout mice are also not more susceptible to hyperoxic lung injury (38) . These findings and the findings from the present study suggest that the pathways distal to superoxide dismutase, including peroxides and products of the glutathione pathway, which include GSSG and protein mixed disulfides, may not be directly involved in the development of hyperoxic lung injury. These interpretations probably represent an oversimplification of the role of oxidation and antioxidants in lung injury and do not entirely take into account other possible reasons for our findings.
It is possible that our findings may represent a compensatory response to upregulated GR that deleteriously affects the lungs exposed to hyperoxia. GR deficient mice have actually been reported to be less susceptible to hyperoxia than wild-type mice, and findings from our laboratory suggest that the protection is related to a compensatory up-regulation of thioredoxin (18) . When GR knockout mice were rendered deficient in thioredoxin reductase by autothioglucose (ATG) administration, they were far more susceptible to hyperoxia than were GR knockouts administered saline or wild-type mice administered ATG (18) . Thus it is possible that in mice with targeted over-expression of GR, there is a modulation of the thioredoxin system or some other molecule involved in thiol disulfide chemistry or cell signaling in the lung rendering these mice more susceptible to hyperoxia.
In summary, targeted expression of GR to the lung increased the activity of this enzyme in vivo with an associated functional effect as indicated by a decrease in lung GSSG contents. These mice were not protected from hyperoxic lung injury; in fact, the mice with the highest expression were more susceptible to hyperoxia than wild-type mice. These findings suggest that GSSG accumulation in the lung may not play a significant role in the development of hyperoxic lung injury or that compensatory responses to unregulated GR expression render animals more susceptible to hyperoxic lung injury. lungs from wild-type and transgenic mice exposed to room air (RA) or >95% O 2 were measured by enzymatic assay. Two-way ANOVA analysis of GSH levels indicated no effects of hyperoxia or transgene and no interaction, and effects of transgene and hyperoxia but no interaction were observed on GSSG levels. Data are also expressed as GSH/GSSG ratio, and an effect of transgene, no effect of hyperoxia, and an interaction between transgene and hyperoxia were observed (C). Data were analyzed by two-way ANOVA followed by modified t-tests, and expressed as means ± SEM, with differing letters indicating statistical significance at p<0.05. 
